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The superposition principle is one of the bizarre predictions of quantum mechanics. Nevertheless,
it has been experimentally verified using electrons, photons, atoms, and molecules. However, a sim-
ilar experimental demonstration using a nano or micro particle is still missing and various proposals
have been put forward in the literature for creating such a state. In the existing proposals, the at-
tainable spatial separations between the delocalized states are less than the size of the particles that
have been used to create such states. In this article, using a 50 nm levitated ferromagnetic particle
and existing technologies, we show that a spatial separation of 1 mm between the superposed states
is readily achievable. This may lead to the possibility of testing quantum gravity, collapse models
and gravity induced state reduction.
Introduction: Quantum and classical mechanics are
two very successful theories of nature. The dynamics of
the microscopic world can be described using the quan-
tum mechanical laws while that of macroscopic world can
be predicted using the classical or Newtonian mechanics;
meaning all dynamical events in our everyday life can be
described using Newtonian mechanics and one can know
the precise motion and position of an object at the same
time with full certainty. On the contrary, quantum me-
chanics predicts [1] that, irrespective of their size or mass,
an object can be in multiple states at once and this is cer-
tainly true for microscopic systems [1–4]. Specifically, in
the past, the quantum superposition principle has been
demonstrated using neutrons [5], electrons [1], ions [2]
and molecules [3, 4]. In 1996, Monroe et al. created
a Schrodinger cat state in which they put a beryllium
ion in two different spatial locations separated by 80 nm
at the same time [2]. They achieved this by levitating
a beryllium ion in an ion trap and cooling its center of
mass (CM) motion to the ground state. The size of the
beryllium ion or the Schrodinger cat state was approxi-
mately 0.1 nm in size (≈ 1.5×10−26 kg). In another ex-
periment [4], tetraphenylporphyrin molecules with high
kinetic energy were sent through different grating struc-
tures and the resulting matter-wave interfered after a free
flight due to the wave nature of matter. In this case, the
wave packet of tetraphenylporphyrin was delocalized by
hundred times of its diameter. The current record for the
largest spatial superposition is 0.5 m which was realized
using a Bose-Einstein condensate of Rubidium atoms in
an atomic fountain [6], while the heaviest object so far
put into a superposition state is about 1× 10−23 kg [4].
Increasing the macroscopicity of a spatial superposi-
tion state is an ongoing global effort and many propos-
als have been put forward using clamped [7] and levi-
tated optomechanical systems [1, 7–12]. In the levitated
schemes [9, 11, 12], nano-objects are levitated using laser
light and spatial superpositions are created and detected
using different exotic schemes. Here it is noteworthy that
the spatial separations between the two arms of the su-
perposed states that can be achieved are less than the
size of the respective objects (≈ 100 nm ). Nevertheless,
a successful experimental demonstration of such a state
using a mesoscopic system can resolve the apparent con-
flict between quantum mechanics and general relativity
[1]. A demonstration of the quantum superposition prin-
ciple using a mesoscopic object can also shed light on the
gravity’s role on the quantum state reduction [13]. An
additional ramification of an experimental demonstration
of a mesoscopic superposition state includes the tests of
different collapse models [14].
In this article, we theoretically show that the spatial
separation of a quantum superposed state can be in-
creased significantly by using existing technologies. To
achieve this, we exploit recent progress, the optical spin
polarization of ferrimagnetic or ferromagnetic materials
[15–17] that has been made in the magnetic recording
industry. In particular, we use all optical helicity depen-
dent switching for flipping spin states of ferrimagnetic or
ferromagnetic materials. Exploiting this helicity depen-
dent spin polarization, a pragmatic magnetic field gradi-
ent, and a levitated nanosphere, we show that, in princi-
ple, a separation of at least 1 mm between the delocalized
superposed states is within our reach.
Spatial superposition: A schematic of the proposed
experiment is shown in Fig. 1. In the proposed scheme,
a single domain ferromagnetic or ferrimagnetic particle is
levitated using an ion trap at liquid helium temperature.
Spins in a single domain ferrimagnetic or ferromagnetic
nanoparticle are strongly interacting, highly correlated
and perfectly ordered in the ground state due to the
strong exchange coupling among the electrons [18, 19].
Consequently, the spins of a single domain ferrimagnet
or ferromagnet can be considered as a single superspin
and can be described using magnetization M = glµBS
[18–24], where gl Lande factor and µB is Bohr magneton
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FIG. 1. Experimental setup and the sequence of events- (i)
ion trap off, (ii) creation of magnetization superposition using
linearly polarized (LP) light, (iii) magnetic field gradient on,
(iv) magnetic field off, (v) disentanglement using circularly
polarized (CP) light and (vi) matter wave interference that
detects spatial superposition.
and S is the total uncompensated spin. After levita-
tion, the CM temperature of the nanoparticle is para-
metrically [25] cooled to ≈ 1 K. Subsequent to this, the
ion trap is turned off and using all-optical helicity de-
pendent switching, a superposition of magnetization is
created. Specifically, it has been experimentally demon-
strated that a right |R〉 (left |L〉) circularly polarized fem-
tosecond laser pulse produces an up | ↑M 〉(down | ↓M 〉)
spin state in certain ferrimagnetic or ferromagnetic i.e.
GdFeCo, CoPt, FePtAgC, TbCo, and FePt films con-
taining many domains. In contrast, in the same film, a
linearly polarized ((|R〉+ |L〉)/√2) light pulse creates up
and down spin-polarized domains [15–17] - which is a spin
superposition state but only after the wave function has
been collapsed. Although the exact mechanism respon-
sible for this phenomenon is not clearly understood yet
[26–28], an enhanced spin-orbit coupling resulted from
the exposure to the circularly polarized laser pulse is be-
lieved to be one of the mechanisms responsible for this
effect [27, 29]. Another possible mechanism that may be
responsible for this effect is the tunnelling of magneti-
zation [20, 21, 30–32] due to the reduced magnetocrys-
talline anisotropy resulted from the circularly polarized
light. Here, the circularly polarized light behaves as an
effective magnetic field [27, 29]. We also note that the
number of photons required to change the spin state of
the target material from one orientation to the other is
significantly less than the number of spins exposed to the
light beam [15]. This suggests that the overall mechanism
of optical spin polarization is not a resonant process.
To create a magnetization superposition (| ↑M 〉+ | ↓M
〉)/√2, once the trap is switched off, a femtosecond lin-
early polarized (LP) laser pulse is applied. Subsequent to
this, an inhomogeneous magnetic field is turned on and
the particle evolves under the influence of gravitational
and magnetic fields for a suitable time t = t3 − t2. At
this state the Hamiltonian is [12]
Hˆ =
pˆ0
2
2m
+ glµB
dB
dx
Sˆx +mgyˆ, (1)
where m, and Sx = M/(glµB) are the mass, and the
spin projection along the quantization axis (x−axis) of
the levitated particle, respectively. dB/dx is the mag-
netic field gradient and g is the gravitational accelera-
tion. The spatial separation between the two arms of a
superposed states after time t is [12]
∆x =
Mt2
ρ
dB
dx
. (2)
Detection: After the desired separation ∆x between
the superposed states |φ〉 = (| ↑M 〉|φL(−xl)〉 + | ↓M
〉|φR(xr)〉)/
√
2 is achieved, a disentangling circularly po-
larized light pulse is activated and the initial magnetic
field gradient is switched off. A right (left) circularly po-
larized light pulse reduces a superposed state into an up
(down) spin state [11]. The state of the system at this
stage is |φS〉 = (|φL(−xl)〉+|φR(xr)〉)/
√
2. At this stage,
to reduce the free evolution time, another magnetic field
is switched on which redirects the separated wave packets
towards the center. The duration of this field is adjusted
such that when it is switched off, the spatial separation
between the two wave packets is 2x0 < ∆x = xr +xl. At
the center, the two wave packets interfere to produce an
interference pattern. Specifically, let the two arms of the
superposed states evolve in free space for an additional
time tf = t5 − t4. After this free flight, the two arms
of the spatially separated non-classical states interfere
[3, 11] on a substrate just like in Young’s double slit ex-
periment. This interference pattern is used as the signa-
ture of spatial superposition created earlier. The period
of the interference pattern is given by [11] - 2pih¯tf/(mx0).
The evidence of superposition can also be detected using
Ramsey interferometry [12].
Results and discussion: Magnetic order in ferrimag-
netic or ferromagnetic materials is a quantum effect and
is primarily determined by the exchange interaction [33].
In a crystal lattice, the exchange interaction can be rep-
resented as −∑i6=j Jsi.sj , where J is the strength of the
exchange coupling and si and sj are the spin operators of
the neighbouring ith and jth atoms. For ferromagnetic
material J > 0 and is approximately 1 eV [29, 34]. In
another word, to flip a spin in a ferromagnetic system it
requires about 50kBTc, where Tc is the Curie tempera-
ture (for FePt Tc ≈ 750 K [33]). Due to this high energy
cost, even at room temperature, permanent magnets can
maintain their magnetic order [33, 34]. When atoms with
3spins are arranged in a crystalline lattice, other interest-
ing phenomena such as domains and magnetocrystalline
anisotropy (easy and hard axes) arise [34]. While the
magnetocrystalline anisotropy arises from the interaction
between the crystalline field and the spin-orbit coupling
[34] and determines the preferential orientation of the
spins, the origin of the domain formation dwells into the
minimization of the energy of the system. That is a fer-
rimagnetic or ferromagnetic system minimizes the mag-
netostatic energy by orienting the neighbouring regions
into domains of opposite spin. However, when the phys-
ical dimension of a magnetic system is reduced below a
critical length scale, determined by the balance between
the magnetostatic and anisotropy energies, a magnetic
system can be monodomain and all the spins in such a
system point in a single direction [34]. Although the av-
erage size of a monodomain depends on the particle size
and shape, it can be on the order of a micrometer [34]. In
a cobalt film, a monodomain of size 0.04× 1.5× 10 µm3
has been demonstrated [35] while in CoPt the size of a
single domain is about r = 500 nm [36].
Coherence: Coherence time is characterized by us-
ing two time constants i.e. spin-lattice relaxation time
T1 and transverse relaxation time T2, and in general
T2 ≤ 2T1[37]. While T1 is determined by the spin-lattice
interaction, T2 is primarily fixed by the inhomogeneities
and fluctuation in magnetic and crystal fields. For ho-
mogeneous isotropic material T1 = T2 [37, 38]. In ferro-
magnetic materials, the usage of T1 and T2 is not preva-
lent rather Gilbert damping α, which characterizes how
a spin system loses energy and angular momentum, is
widely used [39–41]. Nevertheless, α, T1 and T2 are in-
tricately related with each other [41, 42]. In the absence
of any inhomogeneities [42], valid for small nanocrystals,
coherence time is given by τ = 1/(αγB), where B is the
magnetic field and γ is the gyromagnetic ratio. In a re-
cent experiment Capua et al. [41] have measured both
α and τ using a polycrystalline bulk CoFeB film sand-
wiched between multiple capping layers at room temper-
ature. The coherence time of the overall film, 20×20 µm2
in size, was about 0.5 ns but it was increased to ≈ 15
ns when a subset of the spins was selected. α in this film
was 0.029. In a polycrystalline bulk FePt film at room
temperature, α as low as ≈ 1 × 10−2 has been recorded
[43] while ferrimagnetic yttrium iron garnet (YIG) has
the lowest α = 9 × 10−5 [44]. A direct substitution of
α = 9 × 10−5, B = 1 T in τ = 1/(αγB) provides a co-
herence time in excess of 11 µs. Since a single domain
ferrimagnetic or ferromagnetic nanocrystal 10−100 nm in
size, such as FePt, GdFeCo and CoFe is considered in this
article, longer coherence times are expected. Levitation,
a physical contactless low noise environment, may boost
the coherence time further. Additionally, performing the
experiment at a cryogenic temperature will increase the
coherence time significantly. A cryogenic temperature is
also beneficial for suppressing magnons [33] which is an-
other mechanism that shortens the coherence time. It
is also important to mention that due to the finite size
of the magnetic nanoparticles considered in this letter,
magnons will be heavily damped and only the high en-
ergy oscillations can be excited [19].
Example: Although all optical helicity dependent
switching has been demonstrated using many different
materials, in this article we use ferromagnetic face cen-
tred tetragonal (L10) FePt. It has one of the highest
magnetocrystalline anisotropy [45] and is readily avail-
able in monodisperse single domain nanocrystalline form
[45–47]. Single domain FePt particles r ≈ 100 nm have
been synthesized in the past as well [48]. All optical he-
licity dependent switching has also been recently demon-
strated in laboratories [49] using this material. Ferromag-
netism, a manifestation of quantum exchange coupling,
of FePt guarantees that all the spins contained within a
levitated particle are exchange-coupled and hence behave
as a single coherent macrospin rather than a multitude of
product states. Furthermore, a high magnetocrystalline
anisotropy of FePt [45] ensures a vanishingly small ther-
mal flipping of spins. A strong magnetization (M) of
FePt is also essential for achieving a large separation
between the superposed states. FePt is also preferable
due to most of the naturally abundant isotopes of iron
(≈ 98%) and platinum (≈ 70%) are nuclear spin free
which guarantees enhanced spin coherence time [37, 38].
To provide a numerical example of achievable separa-
tion between the superposed states, let us consider a FePt
particle of radius r = 25 nm which is levitated and pre-
pared as described before. Assuming a saturation mag-
netization Ms = 1.8×105 JT−1m−3 [47] with M = VMs
and V is the volume of the particle, dBdx = 1×105 Tm−1,
ρ = 4000 kg m−3 and t = 10 µs, one gets ∆x ≈ 1 mm.
This is a macroscopic distance and can be identified using
the naked eye. The magnetic field gradient used in this
calculation is realistic and indeed much more conserva-
tive than readily available using the current technologies
[50]. Figure 2 shows the relevant matter-wave interfer-
ence pattern generated after the free evolution of the two
arms of the spatial superposition states for 100 ms. This
interference pattern can be visualized using an electron
microscope.
Note that the coherence time that has been used for
the previous calculation may seem higher than the mea-
sured values in the literature. However, most of the
measured coherence times were deduced from macro-
scopic thin films containing many domains and grains
[41, 43, 44] and consequently does not reflect the true
coherence time of a single domain monocrystalline fer-
rimagnet or ferromagnet. Furthermore, these measure-
ments were performed at room temperature while in this
article we are interested at temperatures around that of
liquid helium (≈ 4 K). As a result, a longer coherence
time is viable and the time used in the calculation is jus-
tified.
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FIG. 2. Matter wave interference after a free-flight of tf = 100
ms. Parameters used are r = 25 nm, β ≈ 3 nm and the
separation between the two arms is approximately 2x0 = 10
nm.
Macroscopicity : In the scale of macroscopicity [10], the
combination of the particle mass and spin coherence time
used in the previous example amounts to µ = 18.5. Nev-
ertheless, this can be significantly increased by using a
single domain [36] CoPt particles (r = 500 nm) and for
which all optical helicity dependent switching has also
been demonstrated [17]. In this case, macroscopicity is
≈ 26. Here, we note that the matter-wave interference
pattern used for the confirmation of the spatial superpo-
sition is not suitable for larger particles. This is due to
the fact that the separation between the fringes in the
matter-wave interference pattern diminishes significantly
as the particle size/mass increases making matter-wave
interference unsuitable. However, to circumvent this, one
can use Ramsey interferometry based detection scheme
which is independent of the particle mass or size [12].
Conclusions: In this article we have theoretically
demonstrated that using a levitated single domain fer-
rimagnetic or ferromagnetic nanoparticle and all opti-
cal helicity dependent switching, a spatial superposition
state can be created. In this scheme, the spatial sep-
aration between the two arms of a superposition state
is ≈ 1 mm. This is about four orders of magnitude
larger than those available in other proposals in the liter-
ature. Superposition states of ferrimagnetic or ferromag-
netic nanoparticles proposed in this article can be used
for testing collapse models, gravity induced state reduc-
tion, quantum gravity, and quantum-enhanced sensing.
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